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ABSTRACT Identifying infected laying flocks is a criti-
cal component in efforts to prevent eggborne transmis-
sion of Salmonella enteritidis to humans. In the present
study, egg yolk samples from experimentally infected
chickens were tested for specific antibodies with a very
rapid fluorescence polarization assay using tracers pre-
pared from the O-polysaccharides of S. enteritidis and
S. typhimurium and a conventional ELISA using an S.
enteritidis flagellin antigen. In two trials, groups of spe-
cific-pathogen-free laying hens were infected orally with
106 or 108 cfu of S. enteritidis (phage type 13a) or with 108

cfu of S. typhimurium. Eggs were collected during five
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INTRODUCTION

Despite implementation of intensive disease-control ef-
forts on several continents, the eggborne transmission
of Salmonella enteritidis infection to humans remains a
persistent and expensive international public health prob-
lem (Angulo and Swerdlow, 1999; Centers for Disease
Control, 2000). Identifying infected commercial egg-lay-
ing flocks is a central objective of most risk reduction
plans (Hogue et al., 1997). In the United States, a proposed
national control program would screen flocks for S. enter-
itidis infection by bacteriological culturing of environmen-
tal samples and then confirm the existence of an ongoing
threat to public health by culturing eggs (President’s
Council on Food Safety, 1999). A different strategy, based
on testing for specific antibodies, was reported to detect
Salmonella infections in Dutch and Danish breeder flocks
at higher frequencies than did fecal (Feld et al., 2000) or
environmental (Zijderveld et al., 1993) sampling. Enzyme
immunoassay methods based on lipopolysaccharide or
flagella antigens have been shown to detect infected poul-
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weekly postinoculation intervals. Both fluorescence po-
larization and ELISA detected the majority of hens in-
fected with S. enteritidis at either dose level, although
they also frequently cross-reacted with samples from hens
infected with S. typhimurium. Fluorescence polarization
with an S. typhimurium tracer was likewise able to consis-
tently detect S. typhimurium infection but also tended to
cross-react with samples from hens infected with S. enter-
itidis. Fluorescence polarization appears to offer a simple
and rapid alternative to conventional serological method-
ology, although concerns about specificity may limit the
usefulness of antibody testing data.

try with high sensitivity, but lingering concerns about the
ability of many serological tests to differentiate between
Salmonella serotypes have limited their use (Barrow,
2000). Nevertheless, the potential speed and efficiency
of serological methods continues to generate discussion
about using them in S. enteritidis control programs.

Because eggs can be collected with minimal labor, with-
out causing stress to laying hens or imperiling flock bio-
security, they are especially attractive samples for anti-
body testing. Antibodies to S. enteritidis have been found
in the yolks of eggs laid by experimentally and naturally
infected hens (Gast and Beard, 1991; Desmidt et al., 1996).
Egg yolk antibody testing has consistently detected hens
infected with oral doses as low as 103 cfu of S. enteritidis
(Gast et al., 1997a). The presence of egg yolk antibodies
has been shown to correlate with fecal shedding of (van
de Giessen et al., 1992) and organ invasion by (Gast and
Beard, 1991) S. enteritidis. Egg yolk antibody detection
predicts S. enteritidis contamination of eggs by experimen-
tally infected hens as effectively as does culturing fecal
samples (Gast et al., 1997b).

Most antibody testing protocols have involved aggluti-
nation or ELISA formats. Fluorescence polarization (FP)
technology offers an alternative with several advantages

Abbreviation Key: FP = fluorescence polarization.
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in comparison to more traditional methods (Rhys Wil-
liams, 1988; Nielsen et al., 1996). FP assays need only one
liquid phase incubation step, requiring a single tracer
reagent and less than 3 min to complete. FP testing is
based on the inverse relationship between the size of
molecules and their natural spin rate in a liquid medium
(Nasir and Jolley, 1999). A beam of polarized light is used
to determine the rate of spin of tracer molecules labeled
with a fluorescent dye. Specific antibodies are detected
when they bind to the tracer to produce a labeled anti-
body-tracer complex with a reduced rate of spin. In a
recent study, an FP assay found antibodies to S. enteritidis
in the sera of experimentally infected hens (Gast et al.,
2002). The objective of the present study was to determine
the sensitivity and specificity of FP tests using O-polysac-
charide tracers for detecting egg yolk antibodies follow-
ing experimental infection of chickens with S. enteritidis
or S. typhimurium.

MATERIALS AND METHODS

Experimental Infection of Laying Hens

In each of two replicate trials, 36 Single Comb White
Leghorn laying hens from our laboratory’s specific-patho-
gen-free flock were housed individually in laying cages
and provided ad libitum access to water and a pelleted,
antibiotic-free diet (16.7% CP, 2,968 kcal ME/kg, 2.9% Ca,
0.39% P). The hens (hatchmates that were 26 and 32 wk
old at the beginning of the first and second trials, respec-
tively) were distributed into four groups in separate
rooms of a disease-containment facility. One group of 10
hens in each trial was infected orally with a dose of 1.0
× 106 cfu of a phage type 13a strain of S. enteritidis, a
second group of 10 hens was orally inoculated with a dose
of 1.0 × 108 cfu of the same S. enteritidis strain, and a third
group of 10 hens received an oral dose of 1.2 × 108 cfu
of S. typhimurium. The remaining six hens in each trial
served as an uninfected negative control group. Both Sal-
monella strains were prepared from frozen stocks by over-
night incubation at 37 C in tryptone soya broth2 and then
diluted to obtain the desired cell density in each 1.0-
mL dose.

Detection of Specific Egg Yolk Antibodies
by Enzyme Immunoassay

Eggs were collected from each hen at five weekly post-
inoculation (PI) intervals. Yolk samples from these eggs
were diluted 1:250 in PBS and tested for the presence of
specific antibodies by enzyme immunoassay (ELISA-SE)
using purified S. enteritidis flagella (at 1 µg/mL) as solid-
phase detection antigens (Holt and Porter, 1993). Mono-

2Unipath Co., Oxoid Division, Ogdensburg, NY.
3Calbiochem Corp., La Jolla, CA.
4Diachemix Corp., Grayslake, IL.
5GraphPad Software, San Diego, CA.

clonal antibodies specific for chicken IgG (prepared by
the authors and used at a 1:40 dilution) and alkaline
phosphatase-labeled goat anti-mouse IgG3 (used at a 1:750
dilution) were added in sequence to facilitate colorimetric
detection. After adding p-nitrophenol phosphate as a sub-
strate, color development was evaluated by determining
the absorbance at 405 nm. Egg yolk samples were consid-
ered to be antibody-positive in this test if their ELISA
absorbance values exceeded the mean absorbance value
for the negative control samples (taken from the unin-
fected group) by more than two standard deviations.

Detection of Specific Egg Yolk
Antibodies by FP

Egg yolks were also tested for specific antibodies using
three FP assays (Nielsen et al., 1996). Each sample was
diluted 1:50 in PBS, and a baseline FP value was deter-
mined in a Sentry reader.4 After this blanking step, 10 µL
of tracer4 (a fluorescein-labeled preparation of Salmonella
O-polysaccharide purified using a polymyxin B column)
was added to the sample, and the FP reading was taken
again after 2 min. Each egg yolk was tested with two S.
enteritidis tracers prepared under slightly different condi-
tions (FP-SE1 and FP-SE2) and an S. typhimurium tracer
(FP-ST). Egg yolk samples were considered to be anti-
body-positive in these tests if their FP values exceeded
the mean FP value for the negative control samples (taken
from the uninfected group) by more than two standard
deviations.

Statistical Analyses

Significant differences (P < 0.05) between treatment
groups or between tests in the frequency of identification
of hens as antibody-positive were determined by
applying Fisher’s exact test to data organized into 2 × 2
contingency tables using Instat biostatistics software.5 As
no significant variation was observed between the two
replicate trials, the results were combined for analysis.

RESULTS

No hens from the uninfected negative control group
were identified as antibody-positive by any test. When
egg yolks from hens inoculated with a dose of 106 cfu of
S. enteritidis were tested by ELISA-SE, 24% of the samples
were antibody-positive at 1 wk PI, 47% at 2 wk PI, and
76% at 4 wk PI (Figure 1a). The FP tests with S. enteritidis
tracers yielded positive results more slowly but eventu-
ally attained peak detection levels of 82% (FP-SE1 at 4
wk PI) and 69% (FP-SE2 at 5 wk PI). Overall, for all
sampling dates combined, a significantly (P < 0.01) lower
frequency of positive results was obtained by FP-SE2 than
by ELISA-SE. The FP-ST assay cross-reacted with as many
as 59% (at 4 wk PI) of egg yolk samples from these hens.

After inoculation of hens with 108 cfu of S. enteritidis
(Figure 1b), ELISA-SE detected antibodies in 44% of egg
yolk samples at 1 wk PI, 67% at 2 wk PI, and 95% at 3
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FIGURE 1. Detection of antibodies in laying hens infected orally
with either 106 (a) or 108 (b) CFU of S. enteritidis (SE). Serum samples
were tested with an enzyme immunoassay (ELISA) using an S. enteritidis
flagella antigen and fluorescence polarization (FP) assays using O-poly-
saccharide tracers from S. enteritidis (two different tracers designated
SE1 and SE2) and S. typhimurium (ST).

wk PI. The FP assays all gave relatively few positive
results at 1 wk PI, but FP-SE2 and FP-SE1 identified 100%
of samples as antibody-positive by 3 and 4 wk PI, respec-
tively. For all sampling dates combined, no significant
differences were observed between the frequencies of an-
tibody detection by the three S. enteritidis tests. Signifi-
cantly fewer (P < 0.02) positive results were obtained with
the FP-ST assay, although cross-reactions were observed
with as many as 70% of these samples (at 4 wk PI).

When applied to egg yolks from laying hens infected
with 108 cfu of S. typhimurium, the FP-ST assay detected
antibodies in 88% of these samples by 5 wk PI (Figure
2). For all sampling intervals combined, FP-ST provided
significantly (P < 0.001) more positive results than either
of the FP tests with S. enteritidis tracers, although cross-
reactions were observed with as many as 67% of these
samples using the FP-SE1 assay (at 4 wk PI) and 44% (at
3 wk PI) using the FP-SE2 assay. Significantly (P < 0.02)
more of these samples were identified as antibody-posi-
tive by ELISA-SE (up to a peak level of 75% at 3 wk PI)
than by either FP test for S. enteritidis.

FIGURE 2. Detection of antibodies in laying hens infected orally
with 108 cfu of S. typhimurium. Serum samples were tested with an
enzyme immunoassay (ELISA) using an S. enteritidis flagella antigen
and fluorescence polarization (FP) assays using O-polysaccharide trac-
ers from S. enteritidis (two different tracers designated 1 and 2) and S.
typhimurium (ST).

DISCUSSION

In the present study, S. enteritidis and S. typhimurium
infections in laying hens were detected at high frequen-
cies by testing for egg yolk antibodies with FP assays
using homologous O-polysaccharide tracers. Antibodies
to S. enteritidis have also been previously detected with
high efficiency by FP in the sera of experimentally infected
chickens (Gast et al., 2002). At most sampling intervals
after 1 wk PI, antibodies to S. enteritidis were found in
egg yolks at similar frequencies by FP and ELISA. In
prior studies, egg yolk antibodies have not typically been
reported to be present at high titers during the first week
following oral inoculation (Gast and Beard, 1991; Sunwoo
et al., 1996; Gast et al., 1997b). In several earlier investiga-
tions, the detection of specific antibodies in chickens has
correlated positively with the isolation of S. enteritidis
from feces, tissues, and eggs (Gast and Beard, 1991; van
de Giessen et al., 1992; Gast et al., 1997b; Gast and Holt,
2001). Commercial laying flocks have been identified as
infected by enzyme immunoassays using diverse prepa-
rations containing S. enteritidis flagella (McDonough et
al., 1998; Zamora et al., 1999). The flagellar ELISA used
in the present experiments was shown to be highly sensi-
tive in an international collaborative study (Barrow et
al., 1996). Accordingly, FP assays may offer a rapid and
effective alternative for serological screening of laying
flocks for S. enteritidis infection.

None of the assays used in the present study demon-
strated an especially high degree of specificity for differ-
entiating S. enteritidis and S. typhimurium infections. No
clear or consistent pattern of sensitivity and specificity
distinguished the two S. enteritidis FP tracers. The flagellar
ELISA was previously characterized as highly specific in
comparison to a wide assortment of other serological tests
(Barrow et al., 1996). The high oral doses of Salmonella
used in the present trials likely posed a very severe chal-
lenge to the capabilities of the various assays to specifi-
cally detect infections with individual serotypes. Polysac-
charide and flagella antigens of salmonellae are distrib-
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uted across serotype and serogroup lines (Nicholas and
Cullen, 1991; Barrow, 2000), often complicating the inter-
pretation of serological testing results. In a large recent
field study of commercial laying flocks in the United
States, the detection of egg yolk antibodies by an ELISA
using a fimbrial antigen of presumed high specificity did
not correlate with the isolation of S. enteritidis from envi-
ronmental samples (USDA, 2000). Because antibody tests
for S. enteritidis are currently of interest mainly for identi-
fying potentially infected flocks as a prelude to intensive
egg culturing to isolate the pathogen, specificity is argua-
bly a less critical assay characteristic than is sensitivity.
Nevertheless, inadequate specificity of serological screen-
ing tests could cause resources to be wasted when subse-
quent egg culturing is conducted in flocks infected with
Salmonella serotypes that are antigenically cross-reactive
but of no known public health significance.
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